E5531, an endotoxin antagonist, is being evaluated as a treatment for human sepsis. Endotoxin or lipopolysaccharide (LPS) is the major constituent of the outer membranes of gram-negative bacteria. It is believed that the presence of high levels of endotoxin or its persistent presence, caused by an uncontrolled or blood-borne bacterial infection, stimulates monocytes/macrophages to release cytokines such as tumor necrosis factor alpha (TNF-␣), interleukin 1 (IL-1), IL-6, and IL-8, as well as other cellular mediators such as nitric oxide and leukotrienes. When present in excess, these cellular mediators comprise part of a severe pathological response that leads to tissue damage that can result in hypotensive shock, multiorgan failure, and death (3, 5-7, 11, 16, 17, 20, 23, 28, 36) .
The toxicity of LPS can be attributed to its lipid A moiety. Nonpathogenic bacteria such as Rhodobacter capsulatus synthesize LPS and lipid A that lack stimulatory activities and that can antagonize activation of cells by more toxic LPS (19) . E5531 is a synthetic stabilized analogue of R. capsulatus lipid A and has been described to be a potent in vitro and in vivo antagonist of LPS (8) . The amphiphilic nature of E5531 has prompted us to study its disposition in whole blood and to analyze the effects of the interaction of different serum components on E5531 activity. Studies with other drugs have demonstrated that interaction with lipoproteins can alter their activities. For instance, cyclosporin A (CSA) demonstrates enhanced antiproliferative activity when it is bound to lowdensity lipoproteins (LDLs) but not high-density lipoproteins (HDLs) or very low density lipoproteins (VLDLs) (18, 22) . In hypertriglyceridemic patients, this interaction can reduce the activity of CSA (N. De Klippel, J. Sennesael, J. Lamote, G. Ebinger, and J. de Keyser, Lancet 339:1114, 1992, letter; J. Nemunaitis, H. J. Deeg, and G. C. Yee, Lancet ii:744-745, 1986, letter). In addition, it has been suggested that the toxicity as well as activity of CSA can depend upon the class of lipoprotein to which it is bound (18) . Taken together, it is possible that changes in plasma lipoprotein profiles can alter the efficacies and pharmacodynamic profiles of lipophilic drugs. This report describes both the in vitro and the in vivo interactions of E5531 with different serum lipoproteins and the correlation of drug activity in blood containing different levels of lipoprotein (LDL or VLDL and HDL) cholesterol.
MATERIALS AND METHODS
Materials. E5531 was synthesized at Eisai Research Institute and has been described previously (8) . [ 14 C]E5531 was synthesized by the same procedure with 14 C at the ␤ carbons of both the C-2 and the C-2Ј positions. For these studies, E5531 was reconstituted from a powder made from drug dissolved at 2 mg/ml in sterile NaOH (0.003 M), heated to 50°C for 30 min, and then diluted to 100 g/ml in lactose (100 mg/ml) and sodium phosphate (4.2 mM). After adjusting the pH to 7.1-7.5, the material was sterile filtered and lyophilized. Each assay used freshly reconstituted drug. [ 14 C]E5531 (100 mCi/mmol) was similarly prepared, except that it was retained as a frozen solution and was not lyophilized. LPS from Escherichia coli O111:B4 was purchased from List Biologicals (Campbell, Calif.). LPS was dissolved in sterile water at 1 mg/ml and was stored at Ϫ20°C. Prior to use, LPS was sonicated in a bath sonicator (VW-380; Heat Systems-Ultrasonics Inc., Farmingdale, N.Y.) for 1 to 2 min and was then diluted into Ca 2ϩ -and Mg 2ϩ -free Hanks balanced salt solution (HBSS; Sigma). The levels of cholesterol in plasma, column chromatography fractions, or gradient fractions were assayed with a total cholesterol assay kit and a standard curve with diluted cholesterol calibrators (Sigma Chemical Co.).
TNF-␣ assays with human whole blood. Induction of TNF-␣ in human whole blood has been described previously (24) . Briefly, the indicated concentrations of antagonists were added as 10ϫ stocks in 50 l of 5% dextrose in water, followed by the addition of 50 l of LPS (final concentration, 10 ng/ml), to 400 l of heparinized whole blood obtained from healthy volunteers (age, 18 to 51 years; weight, 50 to 105 kg) for a total of 500 l/well (final concentration of whole blood, 80%). After a 3-h incubation with gentle shaking at 37°C in a 5% CO 2 atmosphere, the plates were centrifuged at 1,000 ϫ g for 10 min at 4°C, and then the plasma was drawn off and frozen at Ϫ80°C. The plasma samples were analyzed for TNF-␣ by an enzyme-linked immunosorbent assay (Genzyme Corp., Cambridge, Mass.). Each point represents the mean of triplicate assays. HDL, LDL, and total cholesterol were assayed in freshly drawn blood by a commercial pathology laboratory with an Hitachi 747 analyzer.
Analysis of E5531 activity after HDL or plasma pretreatment. E5531 (31 l of 64 M E5531) was added to 169 l of test material (e.g., HDL or plasma) or HBSS in triplicate. Subsequent 10-fold dilutions were made by using test material as diluent, resulting in drug concentrations of 10, 1, 0.1, and 0.01 M. After 18 h of incubation on an orbital shaker at 37°C, 100 l of these samples was further diluted fivefold into freshly drawn human whole blood. LPS (final concentration, 10 ng/ml) was then added as an agonist. This reaction mixture was incubated for 3 h and was assayed for TNF-␣ release as described above for human whole blood.
Analysis of [ 14 C]E5531 binding. For size-exclusion chromatography, [ 14 C]E5531 (750,000 dpm) was added to 5 ml of plasma (final E5531 concentration, 0.68 M; 1.06 g/ml), incubated for 0.5 to 18 h at 37°C, and fractionated by size-exclusion chromatography with Sephacryl S300 (2.5 by 110 cm) developed in endotoxin-free (tissue culture-grade) HBSS containing penicillin (80 U), streptomycin (100 g/ml), and EDTA (0.1 mM). Fractions were collected after elution of 150 ml of buffer (prevoid volume elution). Extensive analysis by sizeexclusion chromatography was difficult as control experiments that tested for elution of [ 14 C]E5531 alone indicated that it did not elute from the column but remained on the top and was excluded from the column bed. [ 14 C]E5531 did not nonspecifically adsorb to the agarose matrix.
Density gradient centrifugation was performed with self-forming iodixanol gradients (Optiprep; Gibco BRL, Gaithersburg, Md.). For in vitro analysis of E5531 binding to plasma components, 300,000 dpm of [ 14 C]E5531 was added to 4 ml of freshly prepared plasma, and the mixture was incubated at 37°C for 18 h. This mixture was diluted to 9 ml with buffered saline (0.9% NaCl, 60 mM HEPES [pH 7.4]) and was combined with 3 ml of iodixanol working solution (50% working solution prepared from a 60% stock of iodixanol [Optiprep; Gibco BRL] by addition of HEPES-buffered saline). The samples were then mixed by vortexing, transferred to 12-ml Quick-Seal polyallomer centrifuge tubes (Beckman), and centrifuged in an NVT65 rotor in Beckman L8-M centrifuge (350,000 ϫ g, 4 h, 16°C). The tubes were then harvested with a density gradient fractionator (model 185; ISCO) set at 25 drops per tube (approximately 700 l per fraction). The presence of radiolabeled drug in each fraction was determined by obtaining the counts in 200-l samples in a scintillation counter (Beckman), and density was determined from the refractive index with standard curves supplied by the manufacturer of iodixanol.
For analysis by affinity chromatography, [ 14 C]E5531 (0.64 M) was incubated in human plasma for 5 min at 37°C, and following the removal of plasma proteins by centrifugation (33) , plasma lipoproteins were separated into the HDL and VLDL or LDL fractions with the LDL-Direct cholesterol chromatographic column (Isolab [32] ). All steps were performed at 37°C. Cholesterol determinations for the results described in Table 1 were done as described previously (33) .
Human infusion studies with [ 14 C]E5531 were done at Harris Laboratories, Inc. (Lincoln, Nebr.). Informed consent was obtained from all participants, and the human experimental guidelines of the U.S. Department of Health and Human Services and those of the author's institutions and Harris Laboratories, Inc., were followed in the conduct of this clinical research. Intravenous infusion of [ 14 C]E5531 was at 1 Ci/250 g of E5531/h. Heparinized blood samples drawn from the antecubital vein were reduced to plasma, stored on ice, and shipped overnight on ice. Density gradient centrifugation analysis of drug binding in these plasma samples was done as described above, except that a 2-ml sample of plasma was subjected to density gradient centrifugation, fractionated, and assayed for its 14 C content. Control experiments with drug added to heparinized plasma in vitro, the results of which are presented in Fig. 1 and 2 , indicated that the storage and shipping conditions used here had no effect on the distribution of drug in plasma lipoproteins for up to several days. In addition, repeated assays of several of the samples obtained from the infusion study over a period of several days showed no significant changes when the samples were stored in this manner. Plasma cholesterol levels were determined by the standard clinical method at Harris Laboratories.
Statistics. Linear regression analysis was performed with the Graphpad Prism program (Graphpad Software, San Diego, Calif.). Except where noted, experiments were performed a minimum of three times with determinations in triplicate. Statistical significance was assessed by Student's t test, by use of the Pearson correlation, or by use of the Spearman correlation, as noted in the text.
RESULTS
E5531 activity decreases in the presence of blood or plasma. E5531 antagonizes the toxic activity of LPS in human blood (8) ; however, the potency of E5531 activity diminishes with time of incubation in blood or plasma. This can be observed by preincubating E5531 in blood prior to the addition of LPS under the identical conditions used for the LPS activation experiments. On average, in seven experiments with blood from a variety of donors, preincubation for 3 to 6 h resulted in increases in the apparent 50% inhibitory concentration (IC 50 ) from 10 Ϯ 1.8 nM (when it was assayed immediately after E5531 addition) to 29 Ϯ 8 nM (when it was assayed after 3 h of preincubation) and 50 Ϯ 16 nM (when it was assayed after 6 h of preincubation). Similar losses in activity were readily detected by endpoint bioassays done by first incubating E5531 in plasma or plasma fractions overnight and then assaying for apparent IC 50 . This endpoint bioassay detects decreases in the activity of E5531 of up to 100-fold in plasma and has allowed us to readily screen a large number of samples and fractions for their ability to inhibit the activity of E5531 while studying the association of drug with various plasma fractions in parallel assays.
E5531 binds to plasma lipoproteins. (i) In vitro analysis of E5531 interaction with plasma lipoproteins.
In order to determine whether E5531 remains free in plasma or is rapidly associated with the surface of cells, we have studied the distribution of [ 14 C]E5531 after incubation in human whole blood. As detected by the distribution of 14 C after separation of plasma from cells, Ͼ92% of added drug was found in the plasma fraction when testing was done under a wide variety of incubation conditions, even after 2 h of incubation. For this reason, drug binding in the plasma fraction was further evaluated. As shown in Fig. 1 , Sephacryl S300 size-exclusion fractionation of [ 14 C]E5531 after incubation in plasma indicated that radiolabel was recovered in two fractions. These fractions corresponded to the void fraction of the column (fraction I) and to components of approximately 280 kDa (fraction II). Analysis of material in both of these high-molecular-mass fractions by extraction into chloroform-methanol (4) and highpressure liquid chromatography (HPLC) indicated that both fractions contained unmodified drug as well as large amounts of lipid and cholesterol. This observation indicated that [ 14 C]E5531 was adsorbing to lipid components of plasma and was coeluting with these components during size-exclusion chromatography.
To further study the drug-lipoprotein interaction, plasma was treated as described above and was analyzed by density gradient centrifugation. As shown in Fig. 2 ]E5531 was found in fractions 6 to 9 ( ϭ 1.063 to 1.096 g/ml), while the balance of 14 C-labeled material was found at a density of 1.026 to 1.040 g/ml) in fractions 13 to 15. These densities are characteristic of the broad range of densities described (27) for HDL ( ϭ 1.063 to 1.209 g/ml) and LDL ( ϭ 1.007 to 1.063 g/ml). [ 14 C]E5531 alone (in HEPES-buffered saline) sedimented to a buoyant density of 1.096 to 1.130 g/ml (fractions 4 to 6; Fig. 2 ).
To further confirm that drug was interacting with HDLs and LDLs, [ 14 C]E5531 binding to plasma lipoproteins was determined by heparin-manganese affinity chromatography with plasma samples obtained from five human subjects (Table 1) . In these assays, plasma samples were incubated for 5 min at 37°C with 0.64 M [
14 C]E5531, and lipoproteins were fractionated by affinity chromatography as described previously (32) . Under these conditions, binding is predominantly to HDLs. In addition, there appears to be an inverse trend between binding to the HDL fraction and the level of total cholesterol (r ϭ 0.819; P ϭ 0.0902), while the amount of drug recovered in the LDL or VLDL fraction increased as a function of increasing levels of total cholesterol (r ϭ 0.965; P ϭ 0.0078). These results indicate that the level of fractional binding to LDL and VLDL is relatively low but becomes more apparent when concentrations of LDL and VLDL in plasma are elevated.
(ii) Analysis of intravenously infused drug in humans. Plasma samples from volunteers infused with [
14 C]E5531 were analyzed for drug distribution by density gradient centrifugation. As shown in Fig. 3 , two to three peaks of [ 14 C]E5531 were identified. The greatest fraction of material (45 to 65%) was found in high-density fractions 2 to 7 ( ϭ 1.07 to 1.18 g/ml), while the balance of the 14 C-labeled material was found at a density of 1.026 to 1.038 g/ml (fractions 12 to 14) and in the lowest-density fractions, fractions 16 and 17 (Յ1.02 g/ml). The densities of these fractions are characteristic of HDL ( ϭ
FIG. 2. Density gradient analysis of [
14 C]E5531 binding to plasma components. [ 14 C]E5531 (341 nM), prepared as described in the Materials and Methods section, was incubated at 37°C for 18 h in HBSS or freshly prepared plasma and was fractionated by density gradient analysis with self-forming iodixanol gradients. Analysis of the radioactivity in the gradients containing drug incubated with HBSS (E) or with plasma (F), as well as analysis of the cholesterol content of the fractionated plasma (ᮀ), was performed as described in the Materials and Methods section.
FIG. 3. Density gradient analysis of [
14 C]E5531 binding to plasma components after intravenous infusion. A 2-ml plasma sample was prepared from blood 74 h after onset of [
14 C]E5531 infusion into two human subjects, subject 1 (A) and subject 2 (B), and was fractionated by density gradient analysis with selfforming iodixanol gradients. Analysis of radioactivity (F) and density (ᮀ) was performed as described in the Materials and Methods section. Cholesterol levels obtained 2 h before and 72 and 312 h after the beginning of infusion were reported to be 130.7 Ϯ 17.6 mg/dl (LDL) and 39 Ϯ 3 mg/dl (HDL) for subject 1 and 59.3 Ϯ 7.7 mg/dl (LDL) and 39 Ϯ 2.7 mg/dl (HDL) for subject 2. , separated into lipoprotein and lipoprotein-deficient fractions by affinity chromatography and centrifugation, and assayed for radioactivity as described in the Materials and Methods section. Data are expressed as means Ϯ standard deviations; n equals 3 individual replicates for subjects I to III, n equals 5 individual replicates for subject IV, and n equals 6 individual replicates for subject V. LPDP, lipoprotein-deficient plasma which contains albumin and alpha-1-glycoprotein; VLDL includes chylomicrons. Binding in the HDL fraction demonstrates an inverse trend with the total cholesterol level (r ϭ 0.819; P ϭ 0.0902), while the amount of drug recovered in the LDL-VLDL fraction increased as a function of increasing total cholesterol level (r ϭ 0.965;P ϭ 0.0078).
1.063 to 1.21 g/ml), LDL ( ϭ 1.021 to 1.063 g/ml), and VLDL and chylomicrons ( Ͻ 1.02 g/ml).
Differences in the distribution of [ 14 C]E5531 are apparent when plasma binding is evaluated for subjects with different cholesterol contents (compare panels A and B of Fig. 3) . In both subjects, the greatest amounts of 14 C were detected in the HDL fraction (47.8% of total 14 C in subject 1 and 57% of total 14 C in subject 2). However, elevated LDL cholesterol levels in subject 1 (131 mg/dl) compared to those in subject 2 (59 mg/dl) were associated with an increased association of drug with the LDL fraction; the proportion of LDL-associated E5531 was more than doubled in subject 1 (24.2% in subject 1 versus 11.3% in subject 2). Roughly equal amounts of material were recovered in the VLDL-chylomicron fractions in the two subjects (11.5% in subject 1 versus 14.3% in subject 2). These results indicate that changes in the LDL cholesterol content of plasma affect the in vivo distribution of binding of [ 14 C]E5531 in the lipoprotein fraction.
Lipoprotein affects in vitro activity of E5531. (i) E5531 inhibition of LPS-induced release of TNF-␣ is dependent on lipoprotein concentration.
We have established assays to measure LPS-induced cytokine release in order to evaluate the antagonistic activity of E5531 in fresh human whole blood. Without adding LPS, TNF-␣ release was undetectable (Ͻ15 pg/ml). Saturation of endotoxin-mediated stimulation occurred at concentrations greater than 10 ng/ml. As shown in Table 2 , the response of whole blood after 3 h of incubation with 10 ng of LPS per ml was robust and reproducible (release of TNF-␣ ϭ 2,151 Ϯ 140 pg/ml; n ϭ 31). The mean IC 50 for inhibition of 10 ng of E. coli LPS per ml in human whole blood was 12.4 Ϯ 1.6 nM, but variability in the potency of E5531 (IC 50 s varied from 1.5 to 30.6 nM) has led us to investigate whether interaction with plasma components can affect E5531 activity. Analysis of IC 50 variability as a function of lipoprotein composition was investigated in side-by-side analyses of samples from several groups of volunteers with different levels of lipoproteins. Analysis of the data in Table 2 indicates that the potency of E5531 increased (i.e., IC 50 s decreased) as a function of increases in total and LDL cholesterol levels. No significant correlation (Spearman analysis) was observed for different levels of HDL in these plasma samples over a range of 28 to 100 mg of HDL cholesterol per dl. In addition, no statistically significant correlation was found for potency (IC 50 ) and plasma triglyceride content. The best-fit slope of a line fit by Spearman correlation analysis predicts IC 50 changes of ϳ15 nM for the studied range of total cholesterol, but this correlation was not significant. A significant correlation for potency and LDL concentration which predicted a decrease in the IC 50 of ϳ25 nM was found for the range of LDL cholesterol concentrations studied (r ϭ Ϫ0.415; P Ͻ 0.05); a rather small change occurred over a large range of LDL cholesterol concentrations.
(ii) E5531 activity is inhibited by HDLs. VLDL-chylomicron, LDL, and HDL fractions were partially purified from plasma by the centrifugation or size-exclusion chromatography methods described above. After addition of E5531 to these lipoprotein fractions or plasma, the activity of E5531 was then tested in our standard human blood assay. Immediately after addition of E5531 to these fractions, we were unable to detect significant changes in activity compared to that for drug diluted in HBSS (data not shown). However, as shown in Fig. 4 , E5531 incubated overnight in plasma or partially purified HDL was significantly less active (apparent IC 50 s, 175 and 422 nM, respectively) than E5531 incubated overnight in either HBSS (IC 50 ϭ 20 nM), VLDL-chylomicron (IC 50 ϭ 6 nM), or LDL FIG. 4 . HDL inhibition of E5531 activity. E5531 at 0, 100, 1,000, and 10,000 nM (final concentrations) was incubated overnight in HBSS (ϫ), plasma (F), HDL (E; 40 mg of cholesterol per dl), LDL (ᮀ; 245 mg of cholesterol per dl), or VLDL (‚; 82 mg of cholesterol per dl) and was then added by fivefold dilution to human whole blood followed by the addition of 10 ng of LPS per ml (final concentration). This reaction mixture was incubated for 3 h, and plasma samples were analyzed for TNF-␣ as described in the Materials and Methods section. a Potency of E5531 (IC 50 ), measurement of TNF-␣ release, and cholesterol and triglyceride levels were determined as described in the Methods and Materials section.
b E5531 activity demonstrated a trend toward the level of response of blood; stronger responders to LPS were slightly less sensitive to drug inhibition (the IC 50 changed 25-fold with a 2-fold change in the amount of TNF-␣ released; r 2 ϭ 0.196), but this correlation was not significant.
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on August 27, 2017 by guest http://aac.asm.org/ (IC 50 ϭ 15 nM). HPLC analysis indicated that no significant measurable degradation of E5531 occurred in blood or plasma over this period of time (data not shown), indicating that E5531 is somehow "inactivated."
DISCUSSION
As reported previously (15, 25) , the in vitro activity of E5531 decreased in the presence of high serum concentrations. An approximately 20-fold difference in potency is observed when E5531 was tested in in vitro assays with monocytes (1% serum; mean IC 50 , 0.11 nM) and whole-blood assays (80% serum; mean IC 50 , 2.3 nM). This report describes a possible means by which the activity of E5531 is modulated by plasma lipoproteins. Analysis of the activity of formulated material now reveals small but detectable differences in IC 50 s with blood from different donors. More dramatically, however, the activity of E5531 is compromised with increased time of exposure to blood (unpublished data) or plasma (Fig. 4) .
LPS has been shown to bind to a variety of serum proteins, including transferrin (2), lactoferrin (1), lysozyme (29, 30) , bactericidal permeability-increasing protein (14) , albumin (37) , and the cell surface LPS-binding protein CD14 (26, 38) . It has also become clear that LPS is moved into serum lipoproteins by lipid transferases, resulting in a loss of agonistic potency (9, 10, 13, 21, 31, 35) . E5531 is a lipophilic molecule that lacks the complex polysaccharide of LPS. When [ 14 C]E5531 was incubated with plasma from heparinized blood ( Fig. 1 and  2 ) or was infused intravenously into humans (Fig. 3) , it demonstrated a clear propensity for binding to high-molecularmass entities, none of which could be purified to single proteins. In addition, stoichiometric calculations on the amount of protein present compared to the amount of drug bound suggested that binding had to occur at ratios far greater than 1:1 E5531 molecule/protein molecule. Cholesterol and apolipoproteins (data not shown) were present in all plasma fractions containing bound E5531, as determined by size-exclusion chromatography, density gradient centrifugation, and affinity chromatography. Similar results were found in all analyses; [ 14 C]E5531 bound to plasma fractions characteristic of HDLs and LDLs with no measurable association of 14 C-labeled drug with any common "bulk" plasma proteins. This observation does not, however, rule out the possibility that [
14 C]E5531 may bind specifically to a protein that is associated with the lipid component(s). Does E5531 exist in free form in plasma? Size-exclusion analysis of [ 14 C]E5531 binding was complicated by the discovery that free drug did not penetrate into the column matrix, indicating that E5531 aggregates in protein-free salt solution. Survey experiments with protein carriers indicated that drug could be cochromatographed with protein if it was allowed to preequilibrate with a carrier such as albumin. Even with this preadsorbtion, however, the rapid association of [
14 C]E5531 with the high-molecular-mass fractions (Ͻ2 h at 37°C) seen in Fig. 1 still occurred. This observation that free [
14 C]E5531 does not elute from our columns, combined with our calculated recovery of approximately 100% (when added to plasma), argues that levels of free drug in plasma may be below detection levels. Analysis by affinity chromatography confirmed this result. Is it possible that E5531 activity can be attributed to an immeasurable amount of unbound material that can interact with cells and that can be responsible for the initial activity of E5531? This cell surface-bound fraction could then time-dependently associate with HDLs and become inactivated. This possibility is unlikely because unbound E5531 is immeasurable after overnight incubation in LDLs or VLDLs; however, the apparent IC 50 is similar to that of antagonist preincubated overnight in saline, a condition that should leave drug entirely unbound. This leads us to believe that E5531 retains its activity immediately after binding to serum proteins and lipoproteins and then either retains its activity or becomes inactivated with time, depending on the lipoprotein to which it is bound.
For two subjects infused intravenously with [ 14 C]E5531, the distribution into lipoproteins was strikingly different and was dependent on the concentrations of these lipoproteins in plasma. In this case, there appears to be a correlation between increasing LDL and VLDL or chylomicron concentrations and an increased association of drug with these lipoproteins. In subject 1, in whom LDL levels were relatively high, the association of [
14 C]E5531 with this lipoprotein fraction was enhanced. Subject 2 had lower LDL cholesterol levels and concomitantly lower levels of LDL binding. These results and those from the in vitro binding assays (Fig. 1 to 3) indicate that drug binds to LDL when LDL is present at relatively high concentrations, but when the LDL concentration is decreased, more E5531 binds to VLDLs or chylomicrons and HDLs. This observation makes it unlikely that there is a strict "competition" for drug binding to HDLs and LDLs; instead, it appears that E5531 preferably binds to HDLs, even when some LDLs are present, but increasingly partitions into LDLs or VLDLs as their concentrations increase.
The quantities of [ 14 C]E5531 bound to HDL in the in vitro and in vivo infusion studies were remarkably similar, even though a wide variety of assay and "incubation" conditions were used. In the in vitro binding and centrifugation studies (Fig. 2) , the level of recovery of 14 C-labeled material in HDLs was roughly 65%, while 35% was found in the LDL fraction. Similar results were obtained with plasma from patients with "normal" cholesterol levels by centrifugation and affinity chromatography (60 to 74%; subjects II to IV in Table 1 ). This ratio is also similar to that found after analysis of binding by sizeexclusion chromatography, as shown in Fig. 2 . In that experiment, peak 2, the HDL fraction, contained approximately 67% of the total radioactivity, whereas ϳ35% [ 14 C]E5531 bound to LDLs or VLDLs (peak 1). After infusion in vivo, these ratios were approximately 50:50 (HDLs:LDLs-VLDLs).
Association of [ 14 C]E5531 with these lipoprotein fractions is rapid. In contrast to reports on the interaction of LPS with HDLs (12, 39), we describe in a parallel study (34) that we are unable to measure any time dependence for an association of [ 14 C]E5531 to HDLs by density gradient centrifugation or affinity chromatography. Furthermore, no redistribution of E5531 between plasma components after the initial interaction is detectable.
The consequences of E5531 binding to lipoproteins vary with the target lipoprotein acceptor. One consequence of drug binding to these different lipoprotein fractions can be seen in Fig. 4 . Long-term (overnight) incubation of therapeutic concentrations of E5531 (0.01 to 1 M) with plasma results in the inactivation of E5531. This inactivation can be mimicked by addition of physiological concentrations of purified HDLs but not purified LDLs or VLDLs. Such an inactivation may be similar to that described for LPS and HDLs (21) . While profound inhibition of drug activity is seen after long-term incubation with HDLs (or plasma), immediate effects on drug potency may be more subtle. The association of [ 14 
C]E5531
with LDLs clearly correlates with the LDL cholesterol concentration (Table 1) . Data on drug potency as a function of LDL cholesterol levels (Table 2) , however, are not as predictive of drug activity as data on direct binding of drug to LDLs, indicating a weaker correlation. However, it must be considered that the potency of a drug in blood is likely to be affected by a wide variety of other factors, possibly including degree of cellular response and a wide variety or combination of other serum factors that could affect the activity of LPS. The result of these variabilities is reflected in the wide range of TNF-␣ levels produced in response to a standard LPS dose ( Table 2) .
The means by which E5531 is inactivated by HDLs is unclear, but it is possible that E5531 is sequestered from the outer surface to the lipid core of the particle. We are studying this possibility. If HDL inactivates E5531, then why is there no apparent significant inverse correlation between the HDL cholesterol concentration and activity? In vitro assays that study inactivation as a function of purified HDL concentration indicates that HDL has a high capacity for the inactivation of E5531. In these assays, a 10% solution of "normal" concentrations of HDL can completely inactivate 100 nM E5531 (unpublished data). This makes it likely that physiological HDL concentrations are not a limiting factor for complete inactivation of E5531 at the concentrations used in this study. In light of this ample capacity for HDLs to inactivate E5531 and the apparent affinity of E5531 for HDLs, the association of E5531 to LDLs may be limited to those blood or plasma samples with higher LDL concentrations. At increased LDL concentrations, less E5531 may associate with HDLs and maintain activity, thereby maintaining antagonistic potency over time (Table 2 ). This result argues that an immediate association of drug with LDLs, as opposed to HDLs, may be beneficial for sustained drug activity.
From our results, we can conclude that the balance of HDLs and other lipoproteins affect the activity of E5531 in plasma. We propose that the interaction of E5531 with HDLs is reflected in the more subtle, weak inhibition of E5531 activity immediately after its addition to serum and the more complete inhibition of antagonistic activity after extended incubation.
While the lipoprotein concentration may affect E5531 activity, it is likely that use of higher doses or extended administration of E5531 can be used to overcome the effects of varying lipoprotein concentration. However, in a therapeutic setting it is also possible that dramatic disease state alterations in plasma lipoprotein levels may need to be considered in dosing calculations. Finally, these observations also indicate that altering the drug distribution in plasma may increase its potency or long-term efficacy. It remains to be determined what such manipulations might have on the efficacy of E5531.
